Abstract: Understanding the nature of the interatomic interactions present within the pores of metal-organic frameworks is critical in order to design and utilize advanced materials with desirable applications. In ZIF-8 and its cobalt analogue ZIF-67, the imidazolate methyl-groups, which point directly into the void space, have been shown to freely rotate -even down to cryogenic temperatures. Using a combination of experimental terahertz time-domain spectroscopy, low-frequency Raman spectroscopy, and state-of-the-art ab initio simulations, the methyl-rotor dynamics in ZIF-8 and ZIF-67 are fully characterized within the context of a quantum-mechanical hinderedrotor model. The results lend insight into the fundamental origins of the experimentally observed methyl-rotor dynamics, and provide valuable insight into the nature of the weak interactions present within this important class of materials.
Metal-organic frameworks (MOFs) are a class of solid materials that have exciting physical properties with numerous applications including gas storage, chemical separation, drug delivery, and catalysis. [1] [2] [3] [4] [5] [6] [7] The basis of the diverse utility of MOFs partly lies in their rich topological possibilities. 8, 9 A wide range of three-dimensional structures can be realized, with many of these containing large spatial voids that are related to their applicability. [10] [11] [12] Unquestionably, the molecular and bulk structures of MOFs play a major role in defining their performance for such applications. [13] [14] [15] It has however become clear in recent years that the vibrational dynamics of the solids are also of critical importance in dictating the efficacy of such materials. [16] [17] [18] Previous work has demonstrated that in particular, the low-frequency (sub 200 cm −1 ) vibrational motions are clearly related to many properties, such as mechanochemical and gas adsorption phenomena. 19, 20 It is therefore highly desirable to develop a complete understanding of the interplay between the structural and dynamical aspects of MOFs in order to optimize their design, and ultimately, their function.
Gas storage and sequestration are two promising applications of MOFs due to the presence of numerous gasadsorption sites within the porous cavities of the solid.
21-24
These voids drastically increase the surface area of the material, and therefore the nature of the interactions occurring in the pore is paramount to understanding such processes. [25] [26] [27] [28] In one of the most well-studied MOF systems, ZIF-8 ( Figure 1) , it has been shown that the solid is capable of absorbing a large variety of molecules, ranging from gaseous nitrogen to active pharmaceutical ingredients.
29-31
In ZIF-8 and its cobalt-substituted analogue, ZIF-67, 32, 33 the methyl-groups on the imidazolate linkers that point into the pore exhibit free (or nearly-free) rotation, giving rise to very low-energy transitions on the order of µeV. 34 This class of quasi-hindered-rotational motions have long been used as a probe of the weak forces within materials, and thus is an important aspect to consider in these two materials. [35] [36] [37] By building on the existing understanding of the fundamental quantum mechanical processes underpinning these motions, we aim to develop better insight into the properties of ZIF-8 and ZIF-67. Figure 1 . Formula unit of (left) and bulk packing (right) of ZIF-8. The structure of ZIF-67 is isomorphic with the only difference being the substitution of cobalt for zinc. The accessible pore volume is highlighted in the crystal structure with a blue sphere.
Low-frequency vibrational spectroscopy (10 − 200 cm −1 or 1 − 25 meV) is well-known to provide unique insight by probing the weak forces within molecular materials. [38] [39] [40] Since the vibrational motions often involve large amplitude motions of entire molecules, it is possible to experimentally explore a large portion of both the intra-and intermolecular potential energy hypersurface. 41 By combining the experimental data with quantum mechanical simulations, it is possible to fully characterize the atomic-level structure, dynamics, and forces that are present within the solid.
42-45
Because of the inherent dependence on a rigorous description of the weak forces, the accurate simulation of the lowfrequency vibrational spectra provides a hallmark of the theoretical approach. 40? A good match between the experimental vibrational spectrum and the simulated spectra can be considered a validation method for the ab initio simulations, enabling additional data that would be difficult to obtain experimentally (e.g. band structures), to be extracted with a high degree of confidence. In this work, experimental terahertz time-domain spectroscopy (THz-TDS) as well as low-frequency Raman spectroscopy are combined with solidstate density functional theory (DFT) simulations in order to probe the quantum mechanical origin and atomic dynamics of the quasi-free methyl rotation in crystals of ZIF-8 and ZIF-67.
In order to understand these phenomena, both solids were investigated using fully-periodic DFT calculations with the Crystal17 software package. 46 The M06-2X metaglobal gradient approximation (meta-GGA) density functional was used for correlation and exchange (with 54% explicit Hartree-Fock exchange), 47 and the split-valence double-zeta 6-31G (d,p) basis set 48 was utilized for all calculations, based on previous success with this model. 49 The published crystallographic data 50,51 were used to initialize geometry optimizations, which had an energy convergence criterion of ∆E < 10 −8 hartree. For the geometry optimizations, all parameters were allowed to fully relax (atomic positions and lattice vectors) with no constraints other than the space group symmetry of the solid. Due to the electronic structure of cobalt, spin-unrestricted calculations were performed for ZIF-67 and three electrons were initially set as unpaired in a ferromagnetic arrangement for the first five self-consistent field cycles, after which the constraint was removed. Vibrational analyses were calculated based on the optimized geometry, and the IR intensities were calculated using the Berry phase method. [52] [53] [54] The energy convergence was more rigorous for the vibrational simulations, and was set to ∆E < 10 −10 hartree. The simulated structures of ZIF-8 and ZIF-67 were in excellent agreement with the experimental data. For ZIF-8, the calculation yielded an error in the lattice parameter of 0.3 % compared to the published structure, and root-meansquared deviations (RMSDs) of bond length and angle of 0.04 Å, and 3.20
• , respectively. The simulation of ZIF-67 was equally as accurate, with a lattice parameter error of 0.6 %, and RMSDs of the bonds and angles of 0.02 Å, and 1.12
• , respectively. All further methyl-rotation calculations were based on these predicted structures. A comparison of the two topologies shows that there is very little deviation in internal conformation of the imdizolate linkers, with most bonds predicted to have the same (or very similar) lengths and angles, while the ZIF-67 crystal packing is slightly contracted compared to that of ZIF-8 (−1.5% contraction in unit cell volume).
The similarities in the structures translates to equally similar low-frequency vibrational spectra. The experimental THz-TDS and low-frequency Raman spectra of the two materials ( Figure 2) show a number of well-resolved absorption features by both methods. Only minor shifting (< 5 cm −1 ) is observed for a few absorption features. The experimental THz-TDS measurements were performed using a commercial Toptica TeraFlash spectrometer (Munich, Germany), and samples were prepared by mixing the samples with polytetrafluoroethylene (∼ 4.5% w/w concentration) and pressing into 13 mm diameter pellets with a thickness of 2 mm. The low-frequency Raman measurements were performed using an Ondax (Monrovia, California, United States) THz-Raman system with a 784.7 nm centered laser excitation fiber coupled to an Andor (Belfast, United Kingdom) Shamrock 750 nm spectrograph equipped with an Andor iDus 416 CCD. The respective pure ZIF sample was ground and placed into a 1 cm diameter glass capillary, with an empty capillary used for background determination.
In order to interpret the low-frequency spectra, vibrational analyses were performed using Crystal17. The results of the calculations, also shown in Figure 2 , yield a good agreement with the experimental data. With respect to the THz-TDS data, the experimental frequencies and intensities are well-reproduced by the theoretical model, with a slight over-estimation of the intensity of the modes occurring experimentally near 130 cm −1 in both solids. Unfortunately, the simulation of Raman intensities is not currently supported by the Crystal code for the utilized class of functional, however the predicted Raman-active modes are shown to be in general agreement with the features present in the experimental spectra, with the only exception being the peak at 103 cm −1 in ZIF-8. Investigation of the vibrational normal modes highlights that the motions associated with these modes are largeamplitude displacements of the atoms within the solid, primarily with respect to the imidazolate linkers. Of particular interest in the context of this study are vibrations that involve significant methyl-motion, which is present in many of the low-frequency modes that are both IR-and Ramanactive. The modes that occur between 120 − 140 cm −1 primarily involve hindered-rotational motion and are exclusively Raman-active. It is important to note that none of these motions represent pure hindered-rotational motion, but are rather complex mode-types that involve simultaneous torsions or hindered-rotations of the imidazolate linkers as well. Nevertheless, the successful modeling of the experimental low-frequency spectra lends significant confidence that the theoretical model is accurately reproducing the weak forces present within these solids, including the methyl-rotational potential energy surface, and permits deeper investigation.
In order to explore the hindered-rotational motion of the imidazolate methyl-groups further, the potential energy curve related to that coordinate was explicitly determined. Starting from the fully optimized geometry, the methyl rotational potential was calculated by rotating the methyl group in steps of 10
• about the carbon-carbon bond. At each rotation increment, the three C-H bond lengths and the rotation angle were constrained, and a subsequent geometry optimization was carried out. The results of these calculations, shown in Figure 3 , show that the two potentials are similar and are rather shallow in both cases. The potentials were found to contain three-fold symmetry, and as such only the 0 − 120
• domain is shown. Both solids display the same general shape, with the ZIF-67 potential slightly stiffer than that of ZIF-8. It should be noted that these energies represent calculations performed with full crystalline symmetry and periodic boundary conditions, are are given in units of meV mol −1 methyl −1 . The role of coupled motion was explored further by removing symmetry and rotating a single methyl-unit in the ZIF-8 crystal. The calculations yielded nearly identical potentials, indicating that the individual methyl groups are not interacting significantly. This result is in good agreement with the lack of experimental evidence of such phenomena.
34
The explicit determination of the periodic methyl-rotation potential makes it possible to explore the fundamental basis of the observed dynamics. Based on the rotational potential energy, the explicit vibrational energy levels were determined in the absence of the harmonic approximation, as well as the corresponding vibrational wavefunctions, by solving the one-dimensional Schrödinger equation as suggested by Lewis et al. 55 The results, shown in Figure 4 , highlights the complex nature of the hindered-rotational dynamics in these solids. The data are in agreement with similar systems,
56
where quantum tunneling is known to result in a splitting of the triply degenerate ground state into two discrete levels, 57 observed here as the ground state and two degenerate tunneling splitting states. It is this level-splitting that enables techniques such as neutron scattering to probe the low-lying hindered-rotational transitions. Coupling between adjacent methyl-groups would lead to additional level splitting, but this has been neglected here due to the lack of evidence from both the experimental and theoretical data.
One of the major considerations is the rotational barrier, which was previously determined experimentally to be ∼ 6 − 8 meV from inelastic neutron scattering experiments performed on ZIF-8. 34 While the barrier that is predicted for ZIF-8 is seemingly larger (13.16 meV), it is important to take zero-point energy into consideration. In doing so, the resulting barrier is much closer to the experimental data, yielding values of 8.85 meV and 11.95 meV for ZIF-8 and ZIF-67, respectively. These energies correspond to an equivalent temperature of 102.7 K and 138.7 K, which explains the observed free rotation at cryogenic temperatures. The higherenergy vibrational levels exhibit characteristics of a plane wave commensurate with the lack of any potential energy bounds. This result indicates that free rotation is possible and indeed likely. Furthermore, if the temperature was reduced sufficiently as to trap the rotor in the potential well, this would still not completely remove large-amplitude rotations as the lowest-lying vibrational wavefunctions (shaded purple in Figure 4 ) show significant probability in the classically forbidden region. This is further evidence in support of previous literature suggestions of methyl tunneling, and matches with the large thermal ellipsoids obtained from neutron diffraction experiments at 3.5 K. 34 The deviations between the two ZIF systems is somewhat surprising, given that the structures and vibrational dynamics are so similar. However, it is important to note that the ZIF-67 crystal is slightly more contracted than ZIF-8, which appears to be sufficient enough to increase the barrier to rotation as observed. Additionally, a minor deviation between ZIF-8 and ZIF-67 in the internal bond angle between the imidazole ring and the methyl-carbon is observed that increases from 0.15 −0.25
• with the same trend as the deviations in the two potentials as a function of angle. While this is clearly very subtle, such phenomena might be significant to altering the rotor-potential in a 'through-bond' manner, which has been observed previously. 58 Closer analysis reveals that the simulations are able to provide additional insight into the previously reported experimental neutron scattering results data. The energy of the fundamental hindered-rotational transition predicted at 224 µeV is in good agreement with the value reported by Zhou et al. of 334 µeV (see Table 1 ). However the 1 → 2 transition, reported to occur at 2.7 meV, seemingly disagrees with the simulated value. However, the predicted 1 → 2 energy is outside the range of the instrument used for the experimental neutron measurements, and based on the results of the simulation it is more likely that the experimentally observed feature is actually the 2 → 3 transition, which is predicted occur at 1.43 meV in ZIF-8. It is important to note that while the simulations generally overestimate the experimental results, the errors in the absolute values correspond to very small energy deviations. For example, an error of 100 µeV (2.3 × 10 −3 kcal mol −1 ) is three orders of magnitude lower than the established "chemical accuracy" criterion of 1 kcal mol −1 . 59,60 Overall, the values obtained highlight the substantial accuracy of the quantum mechanical simulations, and indicate that even the weakest forces within these solids are very well-described by the simulations. The combination of experimental low-frequency spectroscopies and state-of-the-art quantum mechanical simulations provides a powerful toolkit for exploring the weak forces, and associated dynamics, in metal-organic framework solids. These tools enable an in-depth investigation into the experimentally observed free methyl-rotation dynamics to be performed, yielding valuable insight into the fundamental origins of such phenomena. Overall, the ability to faithfully reproduce the weak interactions present in this class of materials allows for more rational design, which ultimately will lead to advanced materials with broad applicability.
